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Abstract 
This paper investigates a new type of friction damper for improving the seismic performance of 
precast concrete frame structures. The friction damper is used externally at selected beam-to-
column joints of the frame to dissipate energy during severe earthquakes. A simplified model 
describing the hysteretic behaviour of the friction device was developed and parametric analyses 
were carried out in order to establish the optimum value of the slip force of the device for the 
different precast structures. The effectiveness of the dissipative friction device was numerically 
assessed on different typologies of precast structures by performing nonlinear dynamic 
analyses. The results of the numerical investigations showed that the introduction of the devices 
caused an increase of the dissipative capacity of the buildings. The plastic deformation 
concentrated inside the device, protecting the columns from severe damage. A significant 
reduction of top displacements was observed and the formation of the plastic hinges at the 
column base was delayed with respect to the unprotected structures. A moderate increase of the 
base shear was observed for the buildings protected by friction devices. 
© 2012 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of 
Department of Civil Engineering, Sebelas Maret University  
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1. Introduction 
Passive control systems have been successfully used for reducing the dynamic 
response of structures subjected to severe earthquakes. As a result, the energy 
dissipation demand on primary structural members is considerably reduced, along with 
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the potential for structural damage. Several energy dissipation systems of various kinds 
have been studied and tested by numerous researchers in recent years, either for seismic 
retrofitting, or for new construction. Friction dampers have often been employed as 
components of passive control systems because they present high energy-dissipation 
capacity at relatively low cost and are easy to install and maintain. At present only a 
limited number of studies have analyzed the use of friction dampers in precast concrete 
structures. This paper describes a numerical research study on a new type of friction 
damper proposed by Morgen and Kurama (2004) for existing precast buildings in 
seismic regions. The proposed friction damper is used locally at the beam-to-column 
joints of precast concrete frame structures without the need for braced members. To 
reduce the seismic displacement demands, the dampers dissipate energy through the 
relative rotation that occurs between the precast beam and column members. Post-
earthquake inspections and repair of the beam-to-column joints can be easily completed 
since the dampers are placed external to the joint. A simplified analytical model for the 
friction damper was developed and implemented in the computer code Ruaumoko. 
Parametric analyses were carried out in order to establish the optimum value of the slip 
force of the device and nonlinear dynamic analyses were conducted on different types 
of precast structures with and without dampers.  
The results of the numerical investigations showed that the dampers can be designed 
to provide a significant amount of supplemental energy dissipation to a frame, reducing 
top displacements and potential for structural damage.  
2. Friction Device 
This numerical study was based on the results obtained from experimental tests on 
friction devices reported in Morgen and Kurama (2004). Large scale experimental tests 
were conducted on precast concrete beam-to-column subassemblies with and without 
prototype friction dampers. The experimental results were also used to develop and 
verify a beam-to-column subassembly analytical model. The supplemental energy 
dissipation system developed by Morgen and Kurama uses friction between adjacent 
metallic surfaces caused by relative beam-to-column interface rotation in non-emulative 
precast concrete frames. The objectives of the damper friction interface are: 1) to 
produce the largest amount of energy dissipation and 2) to result in a damper presenting 
a consistent and predictable response. It can be seen from Morgen and Kurama (2008) 
that the hysteresis plots produce a stable close-to-rectangular force-displacement 
behavior with little or no degradation or change in the slip load.  
Figure 1 shows a prototype damper installed at the beam-to-column joint of an 
industrial precast frame. Each damper consists of five cast-steel components with four 
friction interfaces sandwiched in-between. Two of the damper components are 
connected to the beam, while the remaining three components are connected to the 
column. The friction interfaces are prestressed. Under earthquake loading, relative 
rotations at the beam-to-column interface result in slip displacements at the friction 
surfaces between the beam and column damper components, thus dissipating energy. 
The device system is connected to the column and to the beam through simple bolted 
connections. 
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Figure 1. Friction device applied to beam-to-column connections of precast frames. 
A simplified analytical model of the friction damper was developed and 
implemented in the computer code Ruaumoko. The proposed numerical model was used 
to investigate the behavior of multi-story or one-story friction-damped precast structures 
under earthquake-induced loads. The device was modelled by combining rigid links and 
a nonlinear translational spring, as shown in Figure 2. The shape of hysteretic cycles of 
the device was characterized by a rigid-plastic behavior, typical of friction dissipating 
devices. In this study an equivalent bilinear hysteretic behavior was considered 
according to parallelogram-shaped hysteretic loops found during experimental tests. The 
relatively simple modeling of the proposed friction damper is an additional advantage 
for seismic analysis and design purposes. 
The effectiveness of the retrofitting technique proposed to improve the seismic 
performance of structures is influenced by the slip force of the devices. Parametric 
analyses were conducted to calibrate the devices strength in order to preserve structural 
elements from damage. The value of the slip force of the device was established in such 
a way that the device was activated before the column reached its plastic limit. With a 
proper design, these passive devices can significantly reduce the seismic response of the 
original buildings. 
 
Figure 2. Simplified numerical model and hysteretic curve of the friction device. 
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3. Structures Under Study and Numerical Models 
The effectiveness of the dissipative friction device was numerically assessed on 
different typologies of precast structures. This study reports and discusses the relevant 
results of numerical analyses performed on two different precast buildings. First a 
prototype precast concrete fram -story 
office building was analyzed, Figure 3. The column cross-section dimensions are 70x70 
cm and the interstorey height was 5.5 m. The square columns are connected by 
prestressed RC beams with inverted T shaped constant section. The second structure 
considered in this study is an existing precast industrial building, presenting a 
rectangular plan with the larger side equal to 56.4 m and the minor one equal to 31.8 m, 
Figure 4. The square columns (60x60 cm), with length equal to 6 m, are connected by 
prestressed beams, parallel to the longitudinal side of the building. In the orthogonal 
direction precast ribbed tiles representing the roof are placed on the beams. The 
connection between the main beams and the columns is made by one sheet neoprene 
bearing. To avoid the unsettlement of the beam from its supports during seismic 
excitation, the main cause of collapse of precast buildings, a dowel connection is 
inserted at the beam-to-column joint. A strengthening intervention of the beam-to-
column connection was carried out by using plates bolted to the sides of the beam and 
the column when friction devices were installed. 
The two reference buildings were numerically modelled using the computer code 
Ruaumoko and nonlinear dynamic analyses were carried out. Material nonlinearity was 
assumed concentrated in plastic hinges localized at the edges of the elements. The 
Takeda hysteresis behaviour was adopted using an unloadin
shape of the hysteresis model are reported in the Ruaumoko user manual, Carr (2006). 
The hysteretic law was calibrated referring to moment-curvature relationships 
considering for each column the axial load due to gravity loads. A bilinear idealization 
-plastic 
curve with strain hardening was adopted for steel; concrete was modelled according to 
the constitutive relationships proposed by Mander, taking into account confinement 
effects provided by the transverse reinforcement. The plastic hinge length Lp was 
determined by the following expression: 
= 0.08 +               (1) 
where y is 
max is the maximum diameter 
of the longitudinal bars. Schematic views of the numerical models developed for the 
structures and some construction details for the main structural elements are shown in 
Figures 3 and 4.  
799 Marco Valente /  Procedia Engineering  54 ( 2013 )  795 – 804 
 
Figure 3. Numerical model of the precast multistory frame and main construction details for columns and 
beams. 
4. Numerical Results 
The assessment of the seismic response of the two precast structures in the protected 
and unprotected configurations was carried out by nonlinear dynamic analyses using 
seven artificial accelerograms with different values of peak ground accelerations ag. The 
suite of artificial accelerograms was generated so as to match the Eurocode 8 response 
spectrum (Type 1, soil type C, 5% viscous damping) through the computer code 
SIMQKE.  
Parametric analyses were carried out in order to establish an optimum value of the 
slip force of the device for the different precast structures. The evaluation of the slip 
force was conducted with the aim of minimizing the values of top displacement and of 
the base shear force and maximizing the energy dissipated by the devices. The found 
value had to be smaller than the upper bound value corresponding to the simultaneous 
formation of the plastic hinges at the column base and inside the friction devices. 
Nonlinear dynamic analyses using three artificial accelerograms were performed on the 
structures equipped with friction devices characterized by different values of the slip 
force. The results of the parametric analyses showed that the top displacement 
decreased and the base shear force increased as the slip force increased; the dissipated 
energy reached a maximum value and then decreased. The final choice of the slip force 
of the devices for the different structures was based on a good compromise among 
different requirements.  
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Figure 4. Three-dimensional numerical model of the one-story precast building and main construction 
details for columns, longitudinal beams and roof beams. 
 Figure 5 presents the maximum top displacements registered for the structures 
under study for different seismic intensity levels (ag ranges from 0.15g to 0.6g). A 
considerable reduction of the maximum top displacements was observed in case of 
structures equipped with dissipating devices. The difference between the maximum top 
displacements of the structures resulted small for low-intensity level earthquakes, but it 
significantly increased in case of severe seismic actions. The numerical analyses 
showed that the effectiveness of the dissipative devices increased with the increase of 
the peak ground acceleration. It can be noted that the curves have a steeper slope for the 
unprotected structures, meaning an increased sensitivity to increases of the intensity 
level of the seismic action. The displacements were remarkably smaller in case of 
protected structures, because of the dissipative capacity given by the friction devices. In 
case of low-intensity level seismic actions the retrofitting intervention increased the 
stiffness of the building, without exploiting much the dissipative capacity provided by 
the friction devices. 
Figures 6 and 7 show the values of the ratio between the maximum rotation obtained 
by numerical analyses and the ultimate rotation (demand-to-capacity ratio) for some 
reference columns of the two structures under study. Capacity and demand were 
computed in terms of chord rotation according to Eurocode 8. The results of the 
nonlinear dynamic analyses performed for different seismic intensity levels were 
reported to evaluate the effectiveness of the dissipative devices in function of the peak 
ground acceleration. The demand resulted to be smaller than the capacity (the ratio was 
always smaller than unity) for the reference seismic intensity level also in case of 
unprotected structures. The maximum values of the demand-to-capacity ratio in terms of 
chord rotation were observed for the internal columns, as subjected to high axial load. 
The application of the friction devices decreased the rotation demand at the column base 
of the structures. In case of severe seismic actions the rotation reduction was significant 
producing a considerable decrease of the demand-to-capacity ratio. Moreover the 
numerical analyses showed that in structures equipped with dissipative devices the 
plastic demand concentrating at the column base developed for higher-intensity level 
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earthquakes with respect to unprotected structures, indicating a delay in the formation of 
the plastic hinges in case of protected buildings. The introduction of the friction devices 
decreased the damage at the column base, providing a considerable contribution to 
energy dissipation and to reduction of the top displacement. 
The results of the numerical investigations showed an increase of both strength and 
stiffness for the protected structures. The friction devices caused a moderate increase of 
the base shear for the investigated structures, as presented in Figure 8. The increment of 
the base shear was influenced by the values adopted for the slip force of the friction 
devices.  
The energy dissipated by the structural elements of the reference structures was 
significantly reduced by the insertion of the friction devices, as reported in Figure 9. 
The energy dissipation mostly concentrated in the device, decreasing the plastic demand 
in the structural elements of the reference structures. The energy dissipated by the 
protected structures, practically entirely due to the friction devices, showed a 
considerable decrease with respect to the original structures, consistent with the 
significant reduction of the top displacements. 
 
Figure 5. Top displacement of the structures analyzed for different seismic intensity levels: multistory 
frame and one-story industrial building. 
 
 
Figure 6. Maximum demand-to-capacity ratio for different columns of the precast multistory frame: 
ag=0.15g and ag=0.6g. 
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Figure 7. Maximum demand-to-capacity ratio for different columns of the one-story industrial building: 
ag=0.15g and ag=0.6g. 
 
Figure 8. Base shear of the structures analyzed for different seismic intensity levels: multistory frame and 
one-story industrial building. 
 
Figure 9. Energy dissipated by structural elements of the structures analyzed for different seismic 
intensity levels: multistory frame and one-story industrial building. 
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5. Conclusion 
The effects of the application of friction devices on the seismic behaviour of 
existing precast frame structures were investigated in this study. The proposed friction 
devices were placed locally at beam-to-column joints of precast frames and dissipated 
energy through the relative interface rotation occurring between the precast beam and 
column members. Detailed numerical models of different precast frame structures 
incorporating friction devices were developed and analyzed under seismic actions. The 
introduction of such a friction device caused an increase of the dissipative capacity of 
the building and a reduction of displacement and deformation demand for the columns. 
In the structures equipped with friction devices the plastic deformation concentrated 
inside the device, protecting the columns from severe damage. These effects were more 
evident in case of high intensity level earthquakes. In case of low seismic actions only 
small decreases of structural displacement were registered, due to the increase of 
stiffness provided by the friction devices added to the structures. The formation of the 
plastic hinges at the column base was delayed by the insertion of the friction devices 
with respect to the bare structures. A moderate increase of the base shear was observed 
for the building with friction devices.  
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